Decline in landscape complexity owing to agricultural intensification may affect biodiversity, food web complexity and associated ecological processes such as biological control, but such relationships are poorly understood. Here, we analysed food webs of cereal aphids, their primary parasitoids and hyperparasitoids in 18 agricultural landscapes differing in structural complexity (42 -93% arable land). Despite little variation in the richness of each trophic group, we found considerable changes in trophic link properties across the landscape complexity gradient. Unexpectedly, aphid -parasitoid food webs exhibited a lower complexity (lower linkage density, interaction diversity and generality) in structurally complex landscapes, which was related to the dominance of one aphid species in complex landscapes. Nevertheless, primary parasitism, as well as hyperparasitism, was higher in complex landscapes, with primary parasitism reaching levels for potentially successful biological control. In conclusion, landscape complexity appeared to foster higher parasitism rates, but simpler food webs, thereby casting doubt on the general importance of food web complexity for ecosystem functioning.
INTRODUCTION
In agricultural landscapes, the loss of semi-natural habitats and the fragmentation and degradation of remaining habitat remnants may reduce biodiversity and associated ecosystem processes [1] [2] [3] [4] [5] , but can also promote species groups via higher productivity or specific resources provided by agriculture [5, 6] . Higher trophic level organisms can be expected to be at a disadvantage in anthropogenically fragmented habitats when they exhibit traits such as a small body size and low dispersal ability, high resource specialization or high population size variability [7, 8] . Furthermore, even when species richness is unaffected by agricultural intensification, the structure of the food web interactions may change [9] , and this may affect biological control. However, the relationship of food web structure and ecological processes, such as biological control is poorly understood and has been so far largely ignored. Moreover, it is even less clear how these relationships change across landscapes differing in structure and community composition [10, 11] . There is experimental evidence for pest suppression in agricultural systems by diverse enemy communities [12 -15] , but this is also documented in simplified habitats and by less species-rich enemy communities [16 -18] . For example, Rodriguez & Hawkins [19] found no effect of parasitoid richness on pest suppression, probably owing to a low-resource complementarity and/or strong bottom-up control. By contrast, species richness and parasitism rates are often positively related [20] , but such relationships may not be causal as the dynamics of systems are often driven by one or few species [21] .
Biological control of aphids is an important ecosystem service as aphids are one of the major pests in cereal fields in Europe [22 -24] . Naturally occurring parasitoids have been shown to be important in suppressing aphid abundances [14, 23] . Their populations are enhanced in agricultural landscapes with a high percentage of seminatural habitats providing shelter from agricultural practices, alternative hosts and flower resources [23, 25, 26] . However, hyperparasitoids may disrupt biological control of aphids mediated by primary parasitoids [27] , and the effects of landscape complexity on this fourth trophic level remain largely unexplored. Hence, it is necessary to analyse biological aphid pest control in a multi-trophic context [11, 13] , and more specifically, to assess the impact of the fourth trophic level on the third trophic level in changing landscapes, and whether and how these effects cascade down within food webs.
Here, we examined food webs of cereal aphids, their primary parasitoids and hyperparasitoids in 18 winter wheat fields in Germany across landscapes differing in structural complexity (42 -93% arable land). We used recently developed quantitative, weighted descriptors of food web complexity [28] that are more accurate, more robust to differences in sampling effort and less sensitive to among system differences, compared with their qualitative counterparts [29, 30] . They account for variation in link magnitude and energetic importance of each species in a community. Increasingly used in the last decade, these methods have been shown to provide a powerful tool with which to explore the structure of ecological communities and their responses to environmental factors that may not be revealed by analyses of species richness per se [9, [31] [32] [33] [34] . Here, we analysed four of these quantitative metrics (generality, vulnerability, interaction diversity, linkage density) as well as the mortality rates of primary and hyperparasitoids to test the functional significance of these descriptors and their response to decline in landscape complexity. We expected that: (i) a decline in landscape complexity would lead to lower species richness, with stronger effect on higher trophic levels; (ii) food web complexity would decrease as species richness decreases in simple landscapes; and (iii) the simpler the food web, the lower parasitism rates would be.
METHODS (a) The organisms
The most dominant aphids (Hemiptera: Sternorrhyncha) in winter wheat in Germany are Sitobion avenae (Fabricius), Metopolophium dirhodum (Walker) and Rhopalosiphum padi (Linnaeus). Cereal aphids are attacked by primary parasitoids in the subfamily Aphidiinae (Braconidae, Ichneumonidea) and family Aphelinidae (Chalcidoidea). Larvae of each species of the primary parasitoids that are commonly found in winter wheat can develop by feeding internally in all three aphid species [35] , subsequently killing them and forming a cocoon (referred to as a 'mummy'). Primary parasitoids are attacked by secondary parasitoids including Alloxystinae (Cynipoidea, Charipidae) that feed internally on a primary larval host within the living aphid (true hyperparasitoids), as well as Pteromalidae (Chalcidoidea) and Megaspilidae (Ceraphronoidea, namely Dendrocerus sp.) that feed externally on the primary or secondary larval parasitoid inside the mummy (mummy parasitoids) [36] . For simplicity, we will refer to both true hyperparasitoids and mummy parasitoids as hyperparasitoids in this paper.
(b) Study design
We analysed a dataset partly used and described in detail by Thies et al. [23] , in which the focus was on the effect of landscape complexity on aphid -parasitoid population densities and parasitism rates across different spatial scales. Our study was carried out in 18 conventionally managed winter wheat fields in the surroundings of Gö ttingen, Lower Saxony, Germany. The most common habitats in the region are intensively used arable fields and patchily distributed semi-natural habitats, such as forest fragments, fallows and grasslands. Proportions of the habitat types were measured in the surrounding of each field. Percentage of arable land in a landscape sector has been shown to be a good indicator of landscape complexity owing to its close correlation with other landscape metrics, such as habitat type diversity [2, 37, 38] . We used a circle with 1 km diameter around each study field to measure landscape complexity (i.e. the percentage of arable land), as this scale has been found to be appropriate given the low dispersal abilities of cereal aphid parasitoids [23] . Structural complexity of landscapes in this dataset ranged from 42 (structurally complex landscapes) up to 93 per cent arable land (structurally simple landscapes). Land-use intensity (i.e. the amount of nitrogen fertilizers and pesticides used) was not related to landscape complexity (see [23] ). The average temperature (8C) and total rainfall (millimetres) during the study period from June to July 2001 were 13.98C, 59.9 mm in June and 18.48C, 68.8 mm in July (data from the meteorological station in Gö ttingen). Sampling was conducted in each field after the main period of aphid reproduction in July (wheat milk-ripening) in an insecticide-free area of 800 m 2 , reaching 40 m along the field edge and 20 m into the fields. Aphids and mummies (parasitized aphids) were visually quantified on 100 wheat shoots per field. Additionally, aphid mummies were collected for 2 h per field during the milk-ripening period and reared in the laboratory to identify primary and hyperparasitoid genera. Hyperparasitoidprimary parasitoid genera relationships were identified using typical mummy morphologies induced by primary parasitoids [35] . Thus, links between food web members were fully quantified, which makes this economically important system a good ecological model system for investigating multi-trophic interactions [39] .
Quantitatively weighted food web metrics (linkage density, generality, vulnerability, interaction diversity) were calculated following Bersier et al. [28] (for details refer to the electronic supplementary material, methods S1). Quantitative vulnerability is the mean number of consumers per host species and quantitative generality is the mean number of host species per consumer species. Quantitative linkage density is the mean number of links per species and quantitative interaction diversity is a measure of Shannon diversity of interactions taking the number as well as the evenness of interactions into account. These metrics are often used to represent measures of food web complexity [30, 40, 41] . Parasitism rates were calculated as the proportion of mummies from all aphids (including mummies) and the proportion of hyperparasitoid mummies from all mummies (including primary and hyperparasitoids).
(c) Statistical analysis We used general linear models to test the effect of landscape complexity on food web metrics as well as primary parasitism and hyperparasitism rates, while controlling for genera richness of hosts and consumers by including them in the models before arable land (the measure of landscape complexity) following Tylianakis et al. [9] . Thus, we accounted for the effect of variation in genera richness across different landscapes on food web metrics and parasitism rates. Overall variance in the response variables was quantified by using type I sum of squares. Additionally, we tested the influence of food web topologies on parasitism rates for primary and hyperparasitoids.
Residuals of the models were tested for normality of errors and homogeneity of variance. (log þ 1)-transformations or reciprocal transformations were used for genera richness and food web metrics, and arcsine square-root transformation for percentages (when necessary), to meet assumptions of the approach. To account for nonlinearity, models were also tested by including quadratic terms of explanatory variables. The best-fit models were chosen according to the Akaike information criterion (AIC). We found no hyperparasitoids in two fields, thus we excluded these fields from Food web complexity and biocontrol V. Gagic et al. 2947 primary-hyperparasitoid food web analysis. All models were tested for spatial autocorrelation in the residuals using Moran's I statistic, and marginally significant (p ¼ 0.049) spatial autocorrelation was present in only one model (for the effect of generality on parasitism rates). We used a generalized least squares model with exponential spatial correlation structure (which was the best-fit choice among other correlation structures according to AIC) to successfully account for spatial autocorrelation in this model, and the model results remained very similar.
We used path analysis (a form of structural equation modelling (SEM)) to evaluate pathways of direct and indirect effects of landscape structural complexity on parasitism and hyperparasitism rates (see the electronic supplementary material, methods S2). Indirect effects mediated by genera richness and food web structure on parasitism rate were tested in separate models for primary and hyperparasitoids. We report these results with caution because our sample size was relatively small. In addition, we used bootstrapping methods to estimate standard errors and to avoid the large sample assumptions [42] .
Statistical analyses were performed using the statistical software R V. 2.8.0 [43] , and the packages 'bipartite' (for food web analysis, [44, 45] ) and 'SEM' [46] .
RESULTS
Genera abundance and food web metrics varied considerably across the landscape complexity gradient (for an overview, see table 1 and electronic supplementary  material, table S1 ). Aphid communities were dominated by S. avenae, whose relative abundance decreased with increasing percentage of arable land (Spearman's rank correlation, r s ¼ 20.57, p ¼ 0.01), while that of M. dirhodum increased (Spearman's rank correlation, r s ¼ 0.48, p ¼ 0.04; figure 1 ). In total, 845 aphids were recorded in all fields, of which 67.7 per cent were S. avenae, 29.6 per cent M. dirhodum and 2.8 per cent We found significant differences in the food web structure across the landscape complexity gradient (figures 1 and 2 and table 2). In aphid -primary parasitoid food webs, linkage density, generality and interaction diversity (figure 2a) increased as the percentage of arable land increased, while vulnerability did not change across the landscape gradient (table 2) . Linkage density, interaction diversity and vulnerability were positively influenced by consumer (primary parasitoid) richness, while generality and linkage density were positively influenced by host (aphid) richness.
In primary-hyperparasitoid food webs, food web metrics did not significantly respond to percentage of arable land (see figure 2b for correlation among interaction diversity and percentage arable land), but linkage density and interaction diversity were positively influenced by host (primary parasitoid) and consumer (hyperparasitoid) richness, while vulnerability and generality responded positively only to consumer and host richness, respectively. Richness of all three trophic levels was not correlated to landscape complexity (Spearman's rank correlations: aphid richness: r s ¼ 0.29, p ¼ 0.23; primary parasitoid richness r s ¼ 0.002, p ¼ 0.99; hyperparasitoid richness r s ¼ 0.078, p ¼ 0.76; electronic supplementary material, figure S2) .
Overall, S. avenae was the most heavily parasitized species by 67.8 per cent, M. dirhodum by 30.0 per cent and R. padi by 2.2 per cent of all parasitoids (463 mummies in total). The most hyperparasitized primary parasitoid genera were Aphidius 76.6 per cent, Ephedrus 15.3 per cent, Praon 6.4 per cent and Aphelinus 1.6 per cent (124 mummies in total). Aphid mortality owing to parasitism, as well as primary parasitoid mortality owing to hyperparasitism, significantly increased as the percentage of arable land decreased ( figure 2c,d and table 2) . In aphid-parasitoid food webs, parasitism correlated negatively with interaction diversity ( figure 2f ) . The most parsimonious, biologically meaningful models in path analysis for the effect of landscape on parasitism and hyperparasitism rates (before and after bootstrapping), indicated that all significant effects were direct (see the electronic supplementary material, figure S1 ). There were no indirect effects of landscape mediated by host and consumer richness or food web structural properties (linkage density and interaction diversity) on parasitism and hyperparasitism rates.
DISCUSSION
The structure of interactions in aphid -parasitoid -hyperparasitoid communities showed distinct changes across the landscape complexity gradient and was related to host and consumer richness. In contrast to our expectations, food webs were more complex (i.e. revealed a higher interaction diversity and linkage density) in structurally simple landscapes characterized by high percentages of arable land, while host and consumer genera richness did not respond to landscape complexity. Moreover, complex food webs were negatively related to primary parasitism rate, thereby calling into question the general importance of food web complexity for ecosystem functioning.
(a) Species richness Ecological theory predicts that insect diversity will increase with increasing vegetation diversity and structural complexity [47 -49] , which may then spill over to adjacent habitats [50] . In contrast to this common theory and our first hypothesis, we found no differences in richness of any trophic level across the landscape complexity gradient. This has been shown for primary parasitoids [51 -53] , but not for hyperparasitoids. However, parasitoids and hyperparasitoids are known to respond in a similar way to many of the factors that influence their species richness [21] . Hence, as shown for primary parasitoids, our finding suggests that simple landscapes, dominated by cereal crops, provide large amounts of food resources that may support and sustain diverse hyperparasitoid communities.
(b) Food web complexity Absence of variation in trophic groups' richness leads us to dismiss our second hypothesis that food web complexity would decrease as species richness decreases in simple landscapes. Food web complexity did change across landscape complexity gradient in aphid -parasitoid webs, but contrary to our expectations, interaction diversity decreased as landscape complexity increased, mainly because of a lower number of unique interactions between aphid and parasitoid species. In particular, trophic interaction between the main aphid (Sitobion) and the main parasitoid genus (Aphidius) dominated the food webs in complex landscapes. Host use by the main parasitoid genus Aphidius in simple landscapes included larger proportions of Metopolophium, whose relative abundances increased while those of Sitobion decreased, resulting in more evenly distributed aphid species in simple landscapes. Landscape structural complexity is positively correlated with percentage of grassland (in our region and at the spatial scale we used for analysis, see [37, 54] ), and habitats such as grassland may provide a good source for colonization of cereals by grass-hibernating aphid species S. avenae [23, 55] . Furthermore, the landscape complexity gradient had no influence on the mean number of consumers per host species (vulnerability), partly because of the absence of significant differences in parasitoid richness and in their relative abundances among landscapes. This suggests that parasitoids may be able to adjust average attack rates on each aphid species to changes in aphid relative abundances, by favouring the dominant species, and keeping vulnerability of aphids constant across landscape types. Hence, landscape complexity changes host range of parasitoids and overall food web complexity in cereal aphid -parasitoid food webs, presumably owing to changes in the structure of aphid communities, thereby triggering bottom-up effects that affect interactions with the next trophic level. This is in agreement with Hawkins [56] , who argues that parasitoid communities are likely to be bottom-up controlled (see also Scherber et al. [57] ). In contrast to aphid -primary parasitoid food webs, the structure of parasitoid -hyperparasitoid interactions was not influenced by landscape complexity, but by host and consumer richness. This may be related to the lack of response of parasitoid and hyperparasitoid richness to landscape complexity. In addition, relative abundances of primary parasitoids remained similar across landscapes, diminishing bottom-up effects induced by aphids that can propagate to the fourth trophic level.
(c) Parasitism and hyperparasitism rates The third hypothesis that the simpler the food web the lower the parasitism rates would be, was partly disproved by our results. In spite of lower food web complexity and narrow host range of primary parasitoids in structurally complex landscapes, parasitism rates in these landscapes reached values that can be effective for biological control [23, 58] . These findings are consistent with the studies showing that top-down control is often stronger in simplified food webs dominated by a single link [9,16 -18] . However, hyperparasitism rates were positively influenced by both landscape and food web complexity (except for interaction diversity), suggesting that hyperparasitoids might benefit from increased availability of alternative resources (similar to primary parasitoids, see [23, 26] ), but also from increased host range. Increased parasitism and hyperparasitism rates were not the result of higher aphid densities as they did not change across landscape complexity gradient and may be related to the occurrence of the primary parasitoid genus Ephedrus and the most common hyperparasitoid genus Dendrocerus, whose abundances increased across the landscape complexity gradient. Furthermore, high rates of parasitism in structurally complex landscapes may indirectly benefit from higher relative abundances of the ear-colonizing aphid S. avenae, which is more easily accessible to parasitoids than leaf-colonizing aphid species, and frequently associated with the hyperparasitoid genus Dendrocerus [59] . In addition, specific interactions between these particular species may be fostered owing to the closely related colonization time of wheat fields by S. avenae (later in the season with a time lag of two to four weeks compared with M. dirhodum and R. padi, [22, 24] ) and the main parasitoid and hyperparasitoid genera, Aphidius and Dendrocerus [60] . However, the main effect of landscape structural complexity on parasitism and hyperparasitism rates was direct rather than indirect via host and consumer richness and food web structure, as indicated by our SEMs.
CONCLUSIONS
Despite the presence of simplified food webs in structurally complex landscapes and similar host and consumer genera richness among landscapes, complex landscapes supported higher parasitoid densities, causing higher levels of aphid biological control. Hence, food web complexity appeared to be a poor predictor of ecological functioning in aphid -primary parasitoid webs. However, aphid -parasitoid systems are typically characterized by strong population dynamics (boom and bust cycles), and changes in community composition in time [23, 61] , implying dynamic changes in food web structures among years and regions. Our results represent a snapshot of the interaction structure of this aphid -parasitoid system. More long-term research would contribute to better understanding the response of multi-trophic systems to agricultural landscape changes.
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